I. INTRODUCTION
The quaternary material (In) GaAsN has recently attracted significant attention, especially with its applications to long-wavelength communication or Quantum Well Infrared Photodetectors (QWIPs) [1] - [4] . In the case of a GaAsN/GaAs QWs, a large band offset can be achieved by depositing a suitable nitrogen composition due to the bandgap bowing effect [5] - [7] . Interactions between carriers confined in the QW and multitudinous defects are observed [8] - [10] . It is easier to generate an electron hole pair in the QW due to the reduced band gap. The carriers will be emitted from the QW with a fast emission time and contribute to the large photo-current (or photo-conduction). Several groups have reported on the fast speed and high frequency characteristics of QWIPs, with response times below 100 ps. [11] The transient photo response of QWIPs is improved in comparison to the bulk, which do not have any band offset structure. In addition to the QWIPs, using the sensitivity of the photo-current generated by the QW, a QW can be a good tool to analyze coupling, interaction, and influences between several small signals. Furthermore, a limited number of studies investigated the convolution between small electrical and optical signals. The purpose of this paper is to analyze the influence of convolution on the impedance.
The capacitance and conductance of a device are typically probed using a small signal analysis method. In general, a small alternating voltage is applied to the sample and the current is produced with a delayed phase. The impedance can be obtained using the phase delay. The current contains two components: conductive in the real part, and a capacitive current in quadrature in the imaginary part. These two components will couple to each other, and compose a small transient current in response to the small applied alternating voltage [12] . However, if a light pulse is applied to the device, a transient photo-current will be induced. The additional photo-current will also have two components: a conductive and capacitive current, which will also couple with the transient current induced by the small alternating voltage. The process becomes complicated when the light pulse illuminates the device. In order to simplify the scenario, we chose a QW sample with a large conductive current yet small capacitive current. In this case we only have to analyze the optically induced conductive current convolution with the transient current induced by the electrical source. We will begin with the impedance method, since the impedance of the ω-function can be Fourier transformed from the transient current of a t-function [12] .
II. SAMPLE DEPOSITION AND FABRICATION
The GaAsN/GaAs single quantum well (SQW) sample measured in this study was grown using molecular beam epitaxy (MBE) on a n + -GaAs (001) substrate, with a 0.3 μm Si-doped GaAs (4×10 16 cm -3 ) buffer layer grown at 580 °C. A 80 Å thick GaAsN layer was then grown at 480 °C, and was undoped in order to avoid the introduction of any unwanted shallow impurities. Finally, a capping layer of 0.3 μm Si-doped GaAs (4×10 16 cm -3 ) grown at 580 °C was deposited to terminate the growth. The sample was treated using rapid thermal annealing (RTA) at 800 °C for 3 minutes to improve the quality of the QW. The photoluminescence (PL) spectrum for as grown QW (non-annealing) is not shown, but we can observe the quality of the QW and the localized state is improved after annealing. In order to modulate and probe the impedance, the sample is fabricated into a Schottky diode by evaporating Al with a pattern area of 5×10 -3 cm -2 . The PL in this paper was performed using a NAG: Nd laser at a wavelength of 532 nm, and the admittance spectroscopy was detected using an Agilent HP4194A impedance analyzer. In the impedance measurements, the transient photocurrents are induced using Thorlabs pulsed laser diode with a wavelength of 905 nm ( 
III. QUANTUM WELL PROPERTIES
We have analyzed the formation and properties of the N-related localized state in the GaAsN/GaAs QW using transmission electron microscopy (TEM) and the deep level transient spectrum (DLTS) [13] , [14] , which is induced by a nitrogen rich cluster and behaves similarly to the electron level of a quantum dot embedded in the well. The N-related localized state induces a region with a high density of electrons around the QW. The PL spectrum is shown in Fig.  1(a) . In the case of the curve at T=30 K, the peak at 1.20 eV represents the GaAsN QW, and the shoulder at 1.17 eV is the recombination process between the N-related localized state and the valance band of the QW. As the temperature is increased, the QW peak at 1.20 eV decays more than the peak of the N-related localized state at 1.17 eV. This shows that the carriers are easily confined in the localized state at high temperature. The carriers are confined in the QW only at low temperatures (< 50K), or under strong illumination. Fig. 1(b) shows the concentration profile transformed from the C-V curves, the curves are probed in the dark and under illumination at T=77 K. An additional small peak appears at 0.27 μm after illumination, which indicates the carriers are confined in QW under strong illumination. The electron-hole pairs are generated by the light and supply carriers for the QW. The shift in the peaks is caused by a photo-capacitance error in the transformed depth, since the depletion width is proportional to 1/C. The frequency-dependent G-V curves in Fig. 1(c) are consistent with Fig. 1 (a) and (b) . After illumination, both the QW and the localized state contribute to the large photo-conductance, especially the QW due to its faster time constant since it is not related to frequency. In general, the conductance is the summation of the DC current and the charging-discharging current caused by the small alternating current [12] .
where G DC represents the differential conductance determined by dI/dV, δV is the applied small alternating voltage, and δI(t) is the responding small alternating current. The AC term in (1) represents the conductive current (real component transformed from the transient current) and is proportional to the AC frequency ω. We have observed the G DC curve is almost a match to the AC conductance at 1 kHz measured by HP4194A. In order to achieve the convolution of the two currents mentioned, we require a sample which responds strongly to light and has no time delay. For this reason the QW structure is a superior design in comparison to the bulk. From the three figures shown in Fig. 1 , we have demonstrated that the carriers filling in the QW by the light pulse contribute a large photocurrent with no frequencyresponse. That is, the conditions of the convolution are satisfied.
IV. CONVOLUTION USING TWO SIGNALS
In this section the QW sample C-t is measured when a light pulse is applied at the same time. We define the angular frequency of the applied small alternating voltage as ω e , and the angular frequency of the pulse light as ω o . If ω o is close to ω e , a perfect sinusoid is produced in C-t as shown in Fig. 2 . After illumination by the light pulse with optical frequency ω o , the admittance, Y = G 0 + jωC 0 , becomes (2) where ΔG 0 and ΔC 0 are the additional photo-conductance and photo-capacitance respectively, and a time alternating term exp[-jω o t] is added to describe the light pulse. We can expand (2) as Since the HP4194A impedance analyzer is only able to read the capacitive reactance while measuring C-t, we only consider the imaginary part of (3). For the impedance analyzer, the capacitance can be detected via the convolution of the electrical angular frequency ω e . After the convolution between ω e and ω o , the measured capacitance can be obtained from the imaginary term of (3), which can be shown as (4) According to the principle of an orthogonal function, the integral is equal to 0 if ω o ≠ω e and (4) is transformed to (5) The term 1/ω e of (5) also can be written as 1/ω o , it does not matter since ω o = ω e . Equation (5) can be verified by capacitance-frequency measurements, as shown in Fig. 3 .
There is peak at ω o = ω e , and C=C 0 otherwise. Since the measurement of C-t is limited by the time resolution of the HP4194A, the high frequency term cannot be detected. Equation (5) describes the measured C-t value which is similar to the principle of a lock-in amplifier. The measured transient capacitance when ω o is close to ω e is . (6) The second term in (6) can be neglected, since the capacitive current is extremely small in our sample. Equation (6) 
We can examine the correctness of (7) by analyzing the frequency and amplitude. In Fig. 4 , ω e is fixed at 1 kHz while ω o is varied. The two straight lines demonstrate the frequency of the sinusoidal oscillation is exactly equal to ω e -ω o . The more ω o is varied, the faster the frequency of the oscillation is. The two straight lines cross each other at f=0 but ω o =999.98 Hz, indicates a 0.02 Hz error exists between the electrical source and the light pulse controller. Fig.5 demonstrates that the amplitude of the oscillation is proportional to the reciprocal of the electric frequency 1/ω e . The fitting slope presents the value of the photo-conductance (~10 -6 S, for example, at -2.5 V) which is comparable to the value measured directly (3.8×10 -6 S). In Fig. 6 , we test the amplitude of the sinusoidal wave at varying bias, and compare them with the photocurrent measured using the HP4194A under a DC light. The point-line chart in Fig. 6 is the photocurrent determined from the convolution method, which is performed at 7 kHz. The two components, conductive and capacitive current, of the photocurrent measured by HP4194A are presented by the solid-line and the dash-line in Fig. 6 , and both are measured at 1 kHz. We can observe the value of the capacitive current, usually written as ωC [15] , is at least one order of magnitude less than the 
conductive current irrespective of the applied bias. The capacitive current is small to be neglected, so the convolution is dominated by the conductive current. These curve trends match, and both have peaks contributed by the QW around -3 V. In addition, the point-line chart is slightly smaller than the solid-line, that is because the photocurrent generated by light pulse is smaller than that generated by DC light. Fig. 6 . The solid-line and dash-line are the conductive current and the capacitive current measured by HP4194. The point-line chart is the photo-current determined by convolution method. The capacitive current is small to be neglected, and the convolution is dominated by the conductive current.
In Fig. 4, Fig. 5 , and Fig. 6 strong evidence for the validity of (7) is presented. The sinusoidal oscillation arises due to the convolution between the two signals. The conductance as well as the capacitance behaves as a sinusoid with a quadrature delay. We can obtain the function G(t) using the same method of analysis on the real part in (3). We can then give a simple physical explain for the equation obtained in (7) . Two currents, one with angular frequency ω e and the other ω o , are sent to the device. After the superimposition of the two currents, a current with angular frequency ω o -ω e is produced. The impedance is influenced by the periodicity ω o -ω e and responds to the measured capacitance and conductance.
V. CONCLUSION
This phenomenon can be applied on several electrical measurements and small-signals detection. A signal with extremely fast time resolution and small intensity, which is difficult to detect, can be transformed into a signal with a large amplitude (above 10 3 pF) and slow frequency (ω o -ω e ~ 0.02 Hz), which is easier to measure. A complicated and expensive lock-in amplitude system is not required to achieve this function. A device with light responsive conductance, such as a GaAsN/GaAs QW is sufficient. The method presented in this paper is simple and convenient. Furthermore, the ω o and ω e values used are in response to the time constant of the photo-current generated by the light. The time resolution of this method can reach under 1 MHz, although it is dependent on the illuminating power and the sensitivity of the photo-conductance. However 1 MHz is sufficient for the analysis of most semiconductor devices.
In this study, we first estimated the carrier distribution in a GaAsN/GaAs QW. After illumination, the QW confines a number of carriers and contributes to the large photo-conductance. The photo-conductance produced by the QW can be applied to the analysis of the convolution between several current components, and we have shown how the measured capacitance of a semiconductor device can be modulated by the photo-conductance. This is a powerful technique with applications for small-signal analysis and electrical measurements.
